P ulmonary embolism (PE) is an important cause of morbidity and mortality with more than 100 000 US cases annually and as many as 25% of patients presenting with sudden death. Pulmonary embolism is associated with increased mortality rates for up to 3 months after the index PE event. 1 Multiple studies and meta-analyses have evaluated the role of thrombolytic therapy in PE with largely discordant results. 2-5 A randomized trial from 2002 showed improvements in a combined end point of in-hospital mortality and hemodynamic deterioration requiring escalation of treatment 2 but did not have sufficient statistical power to assess differences in mortality or intracranial hemorrhage (ICH). Meta-analyses have also been underpowered to assess the association of thrombolytic therapy with mortality. 4,5 Subsequent observational data have suggested both benefits and underuse of thrombolytic therapy in patients with highrisk PE. 6 More recent consensus guidelines have cited a pressing need for outcomes data regarding thrombolytics from contemporary trials, especially in hemodynamically stable patients with evidence of right ventricular (RV) dysfunction (intermediate-risk PE). 7 Several recent trials have evaluated the role of thrombolytics in PE for these patients without definitive results, particularly for the end point of mortality. [8] [9] [10] [11] Thus, we performed a meta-analysis of all randomized trials of thrombolytic therapy in PE. We aimed to ascertain associations of thrombolytic therapy with bleeding risk and potential mortality benefits, with special attention paid to the subpopulation of patients presenting with intermediate-risk PE.
Methods
A systematic review of the literature was performed according to the PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) statement. 12 Two authors (S.C., J.G.) identified the relevant articles by searching the following data sources: PubMed, the Cochrane Library, EMBASE, EBSCO, Web of Science, and CINAHL databases (from inception through April 10, 2014), without language restrictions. The following search terms and key words were used: pulmonary embolism or pulmonary thromboembolism (PTE) (as MeSH terms), AND thrombolytic drugs, thrombolytic therapy, clot-dissolving medication, AND/OR streptokinase, urokinase (Abbokinase), tissue plasminogen activator (tPA) or recombinant tissue-type plasminogen activator (rt-PA), alteplase, prourokinase (Umbralina), and tenecteplase. The planned analysis was registered at the PROSPERO international prospective register of systematic reviews on January 2, 2014.
Study Selection, Data Extraction, and Quality Assessment
Prespecified inclusion criteria were as follows: randomized controlled design in patients with PE evaluating thrombolytic therapy as an intervention; a comparator group that included any of the following agents: low-molecular-weight heparin (LMWH), vitamin K antagonist, fondaparinux, or unfractionated heparin; and reporting of mortality outcomes. We did not include trials that compared different thrombolytic agents against one another or different doses of the same thrombolytic drug.
Two reviewers (S.C., J.G.) independently extracted data from eligible trials using the standardized protocol. Disagreements were resolved by discussion with other authors. Risk of bias was assessed for the domains suggested by the Cochrane Handbook of Systematic Reviews, 13 specifically emphasizing sequence generation, allocation concealment, blinding, outcomes assessment, and selective reporting.
Data Synthesis and Analysis
The primary efficacy outcome was all-cause mortality and the primary safety outcome was major bleeding. Secondary efficacy and safety outcomes were risk of a recurrent PE and ICH, respectively. Definitions of major bleeding were according to definitions in the individual trials with ICH included as a major bleeding end point in any trial that did not prespecify this. The outcomes data from the first available time point identified as a primary end point from each trial were incorporated into our primary analysis, noting the acute nature of intervention with thrombolytics. Several prespecified subanalyses were performed as described in the next section. Each trial patient was classified as low-risk (hemodynamically stable without objective evidence of RV dysfunction), intermediate-risk (hemodynamically stable with objective evidence of RV dysfunction), high-risk (hemodynamically unstable and/or documented systolic blood pressure <90 mm Hg), or unclassifiable (patient information not adequate to determine risk level). Objective evidence of RV dysfunction included reported abnormalities on echocardiogram, abnormalities of cardiac biomarkers (troponin and brain natriuretic peptide), or both.
Statistical Analysis
The statistical analysis was performed according to the recommendations from the Cochrane Collaboration using Review Manager Version 5.2 (Nordic Cochrane Center), WinBUGS version 1.4.3, and Stata version 11.2SE (StataCorp). As outcome proportions were expected to be low, between 2% and 3%, we calculated the Peto odds ratio (OR) estimates and associated 95% CIs using a fixedeffects model for our primary analyses. 2, 14 We used the I 2 measure for heterogeneity 15 (I 2 < 25% was considered low). Bias in reporting was estimated by funnel plots (plotting of standard error of the logarithm of the OR against log of OR) and the Egger weighted regression test for evaluating heterogeneity. A 2-sided P < .05 was considered statistically significant. We calculated the number needed to treat (NNT) and harm (NNH) from the Peto OR using the following formula: NNT = 1/[CEP − {OR/(1/CEP − 1) + OR}], where CEP stands for control event proportion. 14 We evaluated the mortality and major bleeding outcomes in the 8 studies that specified therapy for hemodynamically stable PE with objective assessment of RV function as criteria for inclusion. In addition, a prespecified analysis was planned to evaluate the primary outcomes for trials published after 2009 (to evaluate the most updated randomized evidence). A priori, another planned exploratory analysis involved the outcomes in patients older than 65 years (trials where the mean age of participants in the thrombolytic group was >65 years), as worse outcomes with thrombolytics in elderly patients have been suggested by a recent large randomized trial of the issue. 8 Prespecified analyses were performed excluding the Ultrasound Accelerated Thrombolysis of Pulmonary Embolism (ULTIMA) trial, as this was the only included trial administering thrombolytic therapy through a catheter-directed (as opposed to systemic) approach. A sensitivity analysis was performed to analyze outcomes from the longest available follow-up points in trials reporting mortality at multiple time points to ensure no significant changes in overall mortality comparisons.
We also performed a weighted absolute risk difference analysis (as is used for assessment of benefit-harms trade-off analysis) 13 to compare the potential associations of mortality reduction with thrombolysis against the possible associations of risk of ICH. Additionally, we performed a net clinical benefit analysis of thrombolytic therapy in PE. We calculated the short-term mortality (Tm) prevented by thrombolytic therapy minus the short-term risk of ICH (Ti) induced by thrombolytic therapy. The latter was multiplied by a weighting factor of 0.75, indicating that a single ICH event had three-fourths of the effect of a single mortality. This weighting factor was based on data demonstrating the likelihood of death and serious disability due to ICH. 16 The weighting factor was chosen to provide a conservative estimate of potential benefits associated with thrombolytic therapy. The following equation illustrates this definition: net clinical benefit = (Tm anticoagulants − Tm thrombolytics ) − weighing factor × (Ti thrombolytics − Ti anticoagulants ).
Metaregression analyses were prespecified for the primary outcomes with the baseline covariate of systolic blood pressure, noting the emphasis in current guidelines on thrombolytic use in patients with hypotension. However, this co-variate was available and accurate in only 6 of 16 trials, limiting the utility of this prespecified analysis.
In our initial analyses, we excluded trials with 0 events in both groups as is the recommendation of the Cochrane Collaboration. 13 To further account for 0-event trials, we performed subsequent Bayesian random-effects meta-analysis fitted in a Poisson model. For the Bayesian random-effects analysis, "vague" or noninformative priors were used to yield results that are not too different from conventional statistical analysis. We checked and confirmed convergence and lack of autocorrelation after a 10 000 simulation burn-in phase. Next, we based direct probability statements on an additional 500 000 simulation phase to identify the best and most representative data, assuming comparable interstudy variances for all treatment effects for the same outcomes. We used deviance and the deviance information criterion to appraise model fit.
Finally, to confirm validity of our findings, we performed trial sequential analysis (TSA) [17] [18] [19] [20] with 5% risk of a type I error, which is the standard in most meta-analyses and systematic reviews. We calculated our monitoring boundaries according to the required information size to detect or reject an intervention effect of a 12%, 25%, and 40% relative risk reduction for mortality or increase of 75%, 87%, and 100% for major bleeds with a risk of a type II error of 20% (power of 80%). We used TSA version 0.9 beta for these analyses. 21 
Results
Our search identified 72 potentially eligible RCTs with 16 RCTs (n = 2115) meeting our inclusion criteria 2,3,8-11,22-31 ( Figure 1) . Two hundred ten patients (9.93%) had low-risk PE, 1499 (70.87%) had intermediate-risk PE, 31 (1.47%) had high-risk PE, and 385 (18.20%) could not be classified regarding risk ( Table 1) .
Thrombolytic therapy in PE was associated with lower allcause mortality (OR, 0.53; 95% CI, 0.32-0.88; NNT, 59; 95% CI, 31-380) ( Figure 2 ). There was a 2.17% (23/1061) mortality noted in the thrombolytic therapy cohort and a 3.89% (41/1054) mortality noted in the anticoagulant cohort at a mean duration of follow-up of 81.7 days. Thrombolytic therapy was associated with a greater risk of major bleeding compared with anticoagulant therapy (OR, 2.73; 95% CI, 1.91-3.91; NNH, 18; 95% CI, 13-27) (eFigure 1 in the Supplement). There was a 9.24% (98/ 1061) rate of major bleeding in the thrombolytic therapy cohort and a 3.42% ( 31 we included the trial in the age group older than 65 years in the primary analysis because the majority of patients were noted to be older than 50 years. We excluded the trial altogether on a further sen-sitivity assessment of bleeding (OR, 2.91; 95% CI, 1.94-4.37) and then repeated a bleeding analysis with the entire trial included in the group 65 years and younger (OR, 1.73; 95% CI, 0.96-3.12) with no significant deviation from the primary results noted in either case. In a prespecified analysis performed of the 8 trials (n = 1775) specifically enrolling only patients who were hemodynamically stable with objective assessments of RV function, thrombolysis was associated with lower mortality (OR, 0.48; 95% CI, 0.25-0.92; 1.39% [12/866] vs 2.92% . There was no statistically significant difference in mortality between the 8 trials prespecifying enrollment of patients who were hemodynamically stable with objective assessment of RV function vs those enrolling all-comers without specific assessment of the RV (test for subgroup differences: P interaction = .64, I 2 = 0%) (eFigure 6 in the Supplement).
Findings from prespecified analyses excluding the sole included trial of catheter-directed thrombolysis, ULTIMA, 30 mirrored the primary and secondary efficacy and safety outcomes in both the primary analysis and the subanalysis of patients with intermediate-risk PE. With the exclusion of ULTIMA, the primary efficacy end point remained significantly lower with thrombolytics (OR, 0.54; 95% CI, 0.33-0.91). With the exclusion of ULTIMA, the analysis of trials of intermediate-risk PE revealed a persistent association with lower mortality (OR, 0.50; 95% CI, 0.26-0.96). Major bleeding remained associated with use of thrombolytics in each case.
A further sensitivity analysis including the outcomes from the longest available mortality follow-up for individual trials showed findings consistent with the overall results. Thrombolytic therapy across all trials was associated with lower allcause mortality (OR, 0.57; 95% CI, 0.36-0.91), and similar results were seen in the subgroup of intermediate-risk PE trials (OR, 0.55; 95% CI, 0.32-0.97).
A weighted absolute risk difference assessment performed to weigh relative harms/benefits of ICH and mortality showed that associations with lower mortality seen with thrombolysis were comparable with associations of risk of potential ICH (weighted risk difference, 0%; 95% CI, −2% to 1%) (eFigure 7 in the Supplement). The net clinical benefit analy-sis comparing associated mortality benefits vs ICH risks of thrombolytic therapy demonstrated a net clinical benefit of 0.81% (95% CI, 0.65% to 1.01%). This analysis weighted the effect of an ICH event as 0.75 times that of a mortality event. The same analysis was performed on patients enrolled in the 8 trials evaluating patients with intermediate-risk PE. In this analysis, the net clinical benefit for thrombolytic therapy was 0.62% (95% CI, 0.57% to 0.67%).
For the primary analysis of all 16 trials, TSA crossed the O'Brien-Fleming boundaries to indicate existing "firm evidence" of a 12% relative reduction in mortality (diversityadjusted OR, 0.56; 95% CI, 0.35-0.91) and 75% relative increase in major bleeds (diversity-adjusted OR, 2.68; 95% CI, 1.88-3.82) as available from current randomized data (eFigures 8 and 9 in the Supplement). Firm evidence has not yet accumulated from randomized trials for a relative risk reduction in mortality of 40% or increase in bleeding risk of 100%.
Discussion
Our systematic review and meta-analysis demonstrate lower associated mortality with thrombolytic use in PE. Furthermore, evidence from more recent trials of patients with intermediaterisk PE corroborates results reported here. This suggests potential mortality benefit with thrombolytic therapy in patients with hemodynamically stable PE with RV dysfunction in contemporary clinical practice. To our knowledge, this is the first analysis of thrombolysis in PE that has sufficient statistical power to detect associations with a meaningful mortality reduction. However, the optimism regarding this clinical advantage must be tempered by the finding of significantly increased risk of major bleeding and ICH associated with thrombolytic therapy, particularly for patients older than 65 years.
The 6 trials conducted since the last systematic Cochrane review 32 of the topic are responsible for two-thirds (1398/ 2115) of all randomized patients in the medical literature. 32 
OR (95% CI)
Evaluated using the Peto method of meta-analysis. The standard practice in meta-analysis of odds ratios (ORs) and risk ratios is to exclude studies from the meta-analysis where there are no events in either group. 13 A 0-cell or continuity correction was not used based on recommendations regarding calculation of a Peto OR for studies with 0 events in only 1 group. 13 [36] [37] [38] Further study is needed to confirm our findings over longer follow-up. Enthusiasm regarding a potential mortality advantage observed in the current analysis of thrombolytic agent use in intermediate-risk PE needs to be tempered with pragmatism, especially in view of the significant associations with major bleeding noted. Although some prior studies have found comparable risk of major bleeding among elderly and nonelderly patients, 39 our results show a significantly higher associated risk of major bleeding in populations older than 65 years (although the current analysis remains limited by availability of only the mean ages of the individual trial populations). Attenuation of the bleeding risk in individuals 65 years and younger may suggest a stronger case for consideration of thrombolysis in those patients. These findings are consistent with reports from the Pulmonary Embolism Thrombolysis (PEITHO) trial, the largest randomized trial of thrombolytic therapy in PE, which showed higher rates of bleeding outcomes in elderly patients older than 75 years. 8 It should be noted that all included trials specified standard exclusion criteria for thrombolytic therapy, including recent major surgery or trauma; active or recent bleeding; intracranial trauma, hemorrhage, or mass; severe uncontrolled hypertension; pregnancy; and recent stroke or transient ischemic attack, among others. Hence, the current results should not be applied to patients who are thought to be at unusually elevated risk for bleeding or ICH.
Risk stratification models for bleeding in all patients, but especially the elderly, are warranted to identify the individuals at the highest risk of hemorrhagic complications 40,41 with thrombolytic therapy. Future research should also be directed toward concomitant use of other medications, especially the "novel oral anticoagulants" in conjunction with thrombolytics in patients with hemodynamically stable PE. 42 Additionally, research should focus on standardization of dosages of thrombolytics and method of administration (peripheral intravenous vs catheter-directed therapy into the pulmonary arteries) to accrue maximal clinical benefits with minimization of bleeding risk.
Our study has limitations. Definitions for hemodynamic instability or shock, major bleeding, and minor bleeding were not standardized, and in some instances, no definition was provided. Primary outcomes were reported at varying time intervals. Varying doses and types of thrombolytic therapy were used across the 16 included analyses. The width of the confidence interval for an individual study depends to a large extent on the sample size, while width of a confidence interval for a meta-analysis depends on the precision of the individual study estimates and on the number of studies combined. 13 Although the relatively wide confidence intervals for some of our analyses may be considered to weaken the conclusions, we have attempted to overcome that issue with robust sensitivity analyses congruent with overall outcomes and TSA that corroborate that further randomized evidence is unlikely to change the overall conclusions derived with the present level of evidence. Only a single, small included study evaluated the use of catheter-directed thrombolysis, and the overall results did not materially change with exclusion of this trial. Therefore, the results of the present study should be interpreted in the context of systemic thrombolysis through a peripheral intravenous catheter. Both the reported efficacy and safety outcomes are not necessarily generalizable to therapy with catheter-directed thrombolysis. Our study does not suggest a benefit of treatment of low-risk PE with thrombolytic therapy because less than 10% of our examined population had objective evidence of this. The lack of availability of patientlevel data across the 16 trials precluded a full evaluation to identify patient characteristics associated with the maximal clinical benefits and the highest risks.
Conclusions
Thrombolytic therapy was associated with lower all-cause mortality in patients with PE, including the subset of patients with hemodynamically stable PE associated with RV dysfunction. The associated risks of major bleeding and ICH were significantly elevated with thrombolytic therapy, although there may be reduced harm in patients younger than 65 years. Results reported here should not be construed to apply to patients with low-risk PE.
